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FDG-PET of focal onset dementias

Abstract

Alzheimer’s disease is the cause of up to one third of cases of primary progressive aphasia or corti-
cobasal syndrome. The objective of this study was to determine the accuracy of FDG-PET metabolic
imaging for detection of Alzheimer’s disease in patients with primary progressive aphasia or corticobasal
syndrome. Methods: A cohort of subjects (n = 94) including those with expert clinical diagnosis of logopenic
(n = 19), non-fluent (n = 16) or semantic (n = 13) variants of primary progressive aphasia, corticobasal
syndrome (n = 14), or Alzheimer’s disease (n = 24) underwent F18-FDG metabolic and C11-PiB amyloid
PET brain imaging. FDG-PET scans read with Neurostat 3D-SSP software displays were classified as
Alzheimer’s disease or other by readers blind to the clinical assessments and PiB-PET results. PiB-PET
imaging was considered the diagnostic reference standard with a threshold standardized uptake value ratio
of 1.5 indicative of Alzheimer’s disease pathology. To address biases from subgroup selection for the
Alzheimer’s disease binary classifier, both conventional and balanced accuracy were calculated. Results:
Diagnoses of Alzheimer’s disease based on FDG-PET resulted in 84% accuracy both conventional and
balanced. In comparison, diagnoses based on clinical assessment resulted in 65% conventional and 67%
balanced accuracy. Conclusions: Brain FDG-PET scans read with Neurostat 3D-SSP displays accurately
detect Alzheimer’s disease in patients presenting with primary progressive aphasia or corticobasal
syndrome as focal onset dementias. In these diagnostically challenging cohorts, FDG-PET imaging can

provide more accurate diagnoses enabling more appropriate therapy.
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Although a prototypical presentation exists conceptually for Alzheimer’s disease (AD), heterogenous
variations in onset, progression, symptoms and markers have been studied and associated with
anatomically focal variants. These variants may present with similar clinical features of Pick’s disease or
frontotempo-ral dementia (FTD), corticobasal syndrome (CBS), posterior cortical atrophy, primary
progressive aphasia (PPA) and the language onset dementias (2-4).

Differentiation of these focal variants of AD must also be studied within the context of any
pathophysio-logical differences between the three major cortical dementias and their presumed
distinguishing anatomical loci: AD in parietotemporal cortex, FTD in frontotemporal cortex, and Lewy
body dementia (LBD) in occipitotemporal cortex. When possibly involving the temporal lobe and
associated language centers with the consequence of impacting the ability to process language, any of
these disorders may be confounded with variants of primary progressive aphasia (PPA) (5) including the
logopenic (PPA-L), nonfluent agrammatic (PPA-G) and semantic (PPA-S) variants.

PPA was originally defined by Mesulam (6), its variants classified with formal criteria by Gorno-Tempini
(7), and has been reviewed more recently in association with the asymmetry and heterogeneity of AD and
FTD by Mesulam et al (8). When considering speech and language pathology, the terms dysarthria, apraxia
and aphasia should be distinguished. As clinical pathologic phenomena, they may co-occur and thus can be
difficult to differentiate when present in association with a neurodegenerative disorder (9).

PET brain metabolic imaging with F18-FDG for AD was originally developed in the early 1980’s by
Benson et al (10) and Alavi et al (I1). A variety of literature reviews have been published recently
including those addressing safety and effectiveness by Bohnen et al (12), multicenter studies and clinical
trials by Herholz et al (13), and patterns of hypometabolism by Brown et al (14). PET brain amyloid
imaging with C11-PiB for AD was developed in the 2000’s by Mathis et al (15 and Klunk et al (16).
Amyloid imaging with radiotracers other than C11-PiB has also been developed and reviewed in the past
decade by Rowe et al (17, 18).

In this article, we report an observational study on a patient population selected for focal onset variants of
AD and related syndromes including PPA variants and CBS. All patients in the study received clinical
evaluations, F18-FDG-PET scans and C11-PiB-PET scans. The main objectives of this study comprised the
following: to determine the accuracy of F18-FDG-PET metabolic imaging as a diagnostic marker for the
detection of AD when referenced for the same patient to C11-PiB-PET amyloid imaging as the gold standard of
truth in the absence of post-mortem histopathologic diagnoses; to compare the accuracy of clinical
evaluations by expert clinicians as a diagnostic marker for the detection of AD when referenced to the same
standard of truth, ie, the C11-PiB-PET scan for each patient; to examine a variety of different subpopulations

selected from the study population in order to evaluate the performance of statistical measures across the
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different subgroups; to complete the data analysis for all subgroups with a variety of these measures including
positive and negative predictive values, positive and negative likelihood ratios, sensitivity and specificity, and
both the conventional and balanced accuracy measures to address possible biases from subgroup selection in

the study population.

Materials and Methods

Patients were referred by their treating physicians to either Austin Hospital in Melbourne or Neuroscience
Research Australia in Sydney where they were evaluated by expert clinicians. The demographics and
psychometrics for a subset of the patient cohort have been characterized previously (19). Table 2
summarizes the age and sex demographics for the entire cohort in the current study with sample size N =
94. All patients were diagnosed by neurology experts (JB, JH) with either AD, a variant of PPA, or CBS based
on existent diagnostic and validated consensus criteria (7, 19-21). Patients diagnosed with posterior cortical
atropy (PCA) were excluded from the study due to the predictable pathology for PCA which minimizes the
benefits of imaging. Patients selected for the study were then recruited to participate with a clinical research
protocol approved by the Austin Hospital Research Ethics Unit. All patients signed written informed consent
for the PET brain imaging scans and participation in the study.

Consenting participants each underwent both F18-FDG-PET brain metabolic imaging and C11-PiB-PET
brain amyloid imaging at the Austin Hospital in Melbourne using PET scanning protocols and scan analysis
procedures as described previously (17, 22). Amyloid and metabolic scans for each patient were done on the
same day with the C11-PiB scan performed first followed by the F18-FDG scan a minimum of 2 hours post
injection of the C11-PiB. Clinical diagnosis was evaluated independently and preceded the scans. PiB amyloid
scans, considered the diagnostic reference standard, were classified as AD or not AD by quantitative analysis
with a threshold standardized uptake value ratio (SUVR) of 1.5 indicative of AD pathology (23). FDG metabolic
scans, were diagnosed as AD or other by visual interpretation with the stereotactic surface projection software
Neurostat 3D-SSP (24) by image readers who were blind both to the subjective clinical evaluation diagnoses
and to the objective imaging results from the amyloid scans. Examples of FDG-PET scan patterns displayed
as cortical surface projections by Neurostat are shown in Figure 1.

For calculation of AD prevalence rates, each FDG-PET scan was classified as AD only if a majority 2
three of the four image readers diagnosed AD. Fleiss’ K statistic was estimated as a measure of agreement
between readers to evaluate inter-rater reliability (25). For training, readers were provided with Figure 1 by
a PET brain imaging expert (CCR) and instructed to use these patterns as a reference by which to classify

each FDG-PET scan. Each scan in the training montage derives from a single patient with concordant
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expert clinical diagnosis and brain amyloid scan. In FDG-PET scans that showed hypometabolism in both
anterior and posterior brain regions, the reader was instructed to use the balance method for Neurostat
interpretation described by Foster et al (26). This interpretation method attributes frontal and anterior
temporal hypometabolism to FTD and parietal, posterior cingulate and lateral temporal hypometabolism
to AD and then instructs the reader to imagine a pivot point in the middle of the brain. If the visible
‘weight’ of hypometabolism is predominantly anterior, then the scan is classified as FTD, while if
predominantly posterior then as AD.

For estimation of the diagnostic accuracies of the AD markers, a collection of the most common statistical
measures were evaluated for the results obtained with each of the different markers used to classify patients in
the study with a diagnosis of AD or not AD. The binary classifier for each diagnostic marker can be expressed
as a 2x2 contingency table with 4 cells for the numbers of true positives (TP), false positives (FP), true negatives
(TN) and false negatives (FN). Traditional measures including sensitivity, specificity and accuracy, positive and
negative predictive values, and positive and negative likelihood ratios were calculated. Since a binary classifier
may yield biased or invalid results for small sample sizes especially when zero cells are present in the 2x2
contingency table, the balanced accuracy was calculated in addition to the conventional accuracy in order to
address biases possibly introduced by the subgroup selections (see Table 3 and Results) used for analysis by
the AD classifier. Balanced accuracy is defined as the average of the sensitivity and specificity. Table 1
summarizes the names, acronyms and formulas for the various measures examined for selected subgroups of
the study population of patients.

The diagnostic accuracy measures were analyzed independently for each of four readers (CT, PY, HS,
CR) and then averaged across the readers with estimates of mean and variance. Standard errors (SE) for

proportions were estimated in the conventional manner as

SE = [p(1 — p)/n]*? (Eq. 1)

where n is the number of samples used in the denominator to calculate the proportion p. As a simple
indicator of small-sample bias evident with major discrepancies between the conventional accuracy (CA)

and balanced accuracy (BA), the discordance between the accuracies (DA) is defined here as

DA = |CA — BA| (Eq. 2)

the absolute value of their difference. Thus, SE is interpreted as an estimate of variance while DA is

interpreted as an estimate of bias.
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Results

A total of N = 94 patients participated in the study each of whom received clinical evaluations, C11-PiB-PET
scans and F18-FDG-PET scans. Table 2 summarizes the sample sizes and demographics for each of the
selected subgroups of patients analyzed in the study cohort. Table 3 lists the AD prevalence rates for each of
these subgroups of patients selected by the three different diagnostic markers, ie, C11-PiB imaging, F18-
FDG imaging, and clinical evaluations. These prevalence rates, reported both with respect to each subgroup
and to the entire cohort, provide a check on the data analysis and demonstrate the variability in rates that
exists across the different selected subgroups when observed by the different diagnostic markers.

For both imaging markers, diagnoses were reported simply as AD or not AD. For C11-PiB imaging,
patients were scored positive for AD based on an objective SUVR greater than 1.5 and selected for subgroup
#1. For F18-FDG imaging, patients were scored positive for AD based on a subjective visual read in Neurostat
3D-SSP considered positive by a majority of the image readers and selected for subgroup #2. However, for the
clinical evaluations, diagnoses were reported as AD, PPA-L, PPA-G, PPA-S, CBS or other, thereby permitting
the selection of the corresponding subgroups #3-7 as well as the pooled subgroups #8-9. For these clinical
evaluations, patients were scored positive for AD if given a clinical diagnosis of either AD or PPA-L considered
an AD variant. Prevalence rates for AD positive scores were then calculated for each of the three different
diagnostic markers (positive by C11-PiB imaging, positive by F18-FDG imaging, positive by clinical evaluation)
on each of the ten different selected subgroups of patients in the study population.

In the entire cohort (subgroup #10) with sample size N = 94, the prevalence rates for AD positive scores
with each of amyloid imaging, metabolic imaging and clinical evaluations were respectively 0.54, 0.52 and
0.46 with about a 10% lower rate detected by clinical evaluation compared to imaging markers. The rate
detected by clinical evaluations would have been even lower compared to imaging markers if clinical PPA-L
had not been considered a variant of clinical AD. Inter-rater reliability was estimated at #= 0.80 with a 95%
level confidence interval of 0.78-0.82 for the four readers of the FDG-PET scans with SSP displays. This
result remains consistent with the value #= 0.78 reported previously by Foster et al (26).

Data from each of the clinically selected subgroups of patients were then further analyzed by comparing the
diagnostic accuracy of the clinical evaluation marker to the FDG-PET metabolic imaging marker with reference
to the PiB-PET amyloid imaging marker as the assumed gold standard of truth in the absence of post-mortem
histopathologic diagnoses. Respectively for clinical evaluations and FDG-PET scans as diagnostic markers,
Tables 4 and 5 present the diagnostic accuracy results for all statistical measures summarized in Table 1 and
clinically selected patient subgroups #3-10 listed in Table 3. Missing values in Tables 4 and 5 could not be

calculated due to small sample size, zero cells in the 2x2 contingency table for the binary
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classifier, and an impossible division by zero in the formula for the statistical measure. Mean balanced
accuracy and discordance of the accuracies for the individual clinical diagnostic subgroups #3-7 were BA
= 0.75 and DA = 0.13 for FDG-PET scans while they were BA = 0.50 and DA = 0.30 for clinical
evaluations. Analogously for pooled diagnostic subgroups #8-9, they were BA = 0.81 and DA = 0.05 for
FDG-PET scans while BA = 0.49 and DA = 0.15 for clinical evaluations. For the entire cohort #10 with
sample size N = 94, the same comparison also produced similar results with BA = 0.84 and DA = 0.00 for
FDG-PET scans while BA = 0.67 and DA = 0.02 for clinical evaluations.

In all of these comparisons, the balanced accuracy was higher and the discordance was lower for FDG-
PET scans compared to clinical evaluations. Over a wider variety of patient groups, greater consistency with
higher balanced accuracy and lower discordance implies greater robustness and validity for the diagnostic
marker used with the patient group considered in the analysis. As diagnostic markers, FDG-PET scans also
performed better than clinical evaluations when considering the negative predictive value (0.83 versus 0.57),
the negative likelihood ratio (0.18 versus 0.63), the sensitivity or true positive rate (0.85 = 0.05 versus 0.41 +
0.07), and the conventional accuracy (0.84 = 0.04 versus 0.65 * 0.05). For the latter estimates of
conventional accuracy with a 95% lower level confidence limit of 0.76 for FDG-PET scans and a 95% upper
level confidence limit of 0.75 for clinical evaluations, a non-overlapping statistically significant difference
does exist between the two markers demonstrating the more accurate and robust performance of FDG-PET

scans over clinical evaluations.

Discussion

From the risk-benefit perspective, F18-FDG-PET metabolic imaging has been considered appropriate for
the evaluation of AD by many clinicians and investigators for at least a decade since publication of a 2002
cost analysis by Silverman et al (27). That same year, Silverman also published a compelling individual
case presentation (28) demonstrating the important benefit obtained with PET metabolic imaging as
shown by its ability to detect AD in an unfortunate patient who had been given multiple prior incorrect
diagnoses of other neuropsychiatric disorders over the course of several years. During the past decade,
there have also been many studies and literature reviews (29-32) that have demonstrated both the utility
and validity of PET metabolic imaging for dementia and related neurodegenerative disorders.

Relevant to our current study reported here on PET brain imaging markers and metrics, there have been a
number of studies and reviews published previously (26, 33-37) that evaluated the performance of various
metrics derived from F18-FDG-PET metabolic imaging as a marker for the detection of AD. This past work

has demonstrated that when compared with clinical evaluations, PET brain imaging yields higher sensitivity,
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specificity and accuracy for AD and increases the treating physician’s level of confidence in diagnosing AD
and in differentiating AD from other dementias.

Does the excellent performance of PET metabolic imaging compared to clinical evaluations also hold true for
diagnostically challenging cohorts such as patients with focal variants of AD or cohorts for whom confounding or
multiple pathologies (38) may be present? For the cohort of patients investigated in the current study, who
presented with symptoms suggestive of a language onset dementia and clinically diagnosed with either AD, CBS
or one of the PPA variants, we observed diagnostic sensitivity, specificity, conventional and balanced accuracies
for AD of (0.85, 0.83, 0.84, 0.84) with FDG-PET scans compared to (0.41, 0.93, 0.65, 0.67) with clinical
evaluations (see Tables 4 and 5). The diagnostic accuracy metrics for the FDG-PET scans in our current study
remain consistent with results from other investigators. Interestingly, the results of 84% accuracy, 85%
sensitivity and 83% specificity for our patient cohort match closely with the results of 86% sensitivity and 86%
specificity obtained from a meta-analysis of the literature performed 10 years ago by Patwardhan et al (33). We
have thus demonstrated that PET metabolic imaging improves diagnosis relative to clinical evaluations for
patients presenting with focal onset variants of AD, and that prior estimates of sensitivity and specificity for
FDG-PET imaging to detect AD have remained stable over the past decade.

In the absence of post-mortem histopathological data for the cohort examined, a major limitation of our
study remains the possibility of multiple pathologies in at least some of the patients. Wang et al (38) have
recently reported that such an occurrence may be common in clinical trials for AD patients (38). Rabinovici
et al (39) discussed this concern about discriminating AD and FTD with PiB-PET and FDG-PET imaging in
the context of the hypothetical assumption that AD should be amyloid positive while FTD should be
amyloid negative (and tau or ubiquitin positive). Three possible explanations were argued for the presence
of positive amyloid scans in clinically diagnosed FTD patients: 1) non-specific binding of PiB to something
other than amyloid-B, 2) co-morbid AD and FTD pathology in the FTD clinical syndrome, and 3) AD
pathology mimicking an FTD phenotype. However, for the limited number of 12 patients in the cohort for
whom autopsy data was obtained (40), the results from PiB-PET scans proved correct in every case.

Small sample size for some of the subgroups examined could be considered another potential limitation of
our study. Sample size here may refer to the number of experts (the number of image readers and clinical
experts) or to the number of patients. Biases introduced by small sample sizes have much greater impact when
combined, ie, when there are both small numbers of experts and small numbers of patients. For this reason, we
have introduced the use of the balanced accuracy and the discordance of accuracies as the difference between
conventional and balanced accuracies when studying smaller subpopulations selected from a larger study
population. Of the various metrics used to analyze diagnostic accuracy (including predictive values, likelihood

ratios, etc), we found the balanced accuracy to be most useful and robust across a greater
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diversity of subgroups with smaller sample size (see Tables 4 and 5) as an indicator of biases and potential
problems. However, this limitation related to small sample size should not apply to our main results and

conclusions based on subgroup #10 representing the entire cohort with a larger sample size of N = 94.

Conclusion

F18-FDG-PET brain scans read visually with stereotactic surface projection displays produced by Neurostat
3D-SSP software can accurately detect Alzheimer’s disease in patients presenting with symptoms suggestive
of a language onset dementia or related syndrome as a focal variant of Alzheimer’s disease. In these
diagnostically challenging cohorts, FDG-PET brain scans can enhance clinical evaluations by providing ad-
ditional objective data facilitating sensitive, specific and accurate diagnosis in a more consistent manner than
expert diagnosticians, and presumably, even more so than non-expert diagnosticians. Thus, FDG-PET brain
scans can provide a reliable alternative that provides confirmation of anatomic localization for focal onset
dementias, and that may be more widely available than expert diagnosticians in some clinical practice
locations. Future studies should continue to explore the relative abilities of metabolic imaging in comparison
with amyloid imaging to reveal specific regional patterns of radiopharmaceutical uptake and retention in each
clinical phenotype and endophenotype. Meanwhile, the F18-FDG radiopharmaceutical will remain less
expensive and more likely to be reimbursed than the newly patented radiopharmaceuticals for amyloid
imaging in many clinical practice locations for the duration of the patents. Finally, earlier diagnosis with

greater robustness and validity for this diverse cohort will enable more appropriate and effective therapy.
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Figure 1: FDG-PET scan patterns displayed in NeuroStat 3D-SSP for focal onset dementias.
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Table 1: Summary of Statistical Measures for Diagnostic Accuracy

Name Acronym  Formula

Positive Predictive Value PPV TP/(TP + FP)

Negative Predictive Value NPV TN/(IN + FN)

Positive Likelihood Ratio PLR [TP/(TP + FN)]/[FP/(FP + TN)]
Negative Likelihood Ratio NLR [FN/(TP + FN)]/[TN/(FP + TN)]
Sensitivity or True Positive Rate TPR TP/(TP + FN)

Specificity or True Negative Rate TNR TN/(TN + FP)

Conventional Accuracy CA (TP + TN)/(IP + FP + FN + TN)
Balanced Accuracy BA [TP/(TP + FN) + TN/(TN + FP)]/2
Discordance of Accuracies DA |CA — BA|

14

All measures except DA expressed in terms of numbers of true positives (ITP), false positives (FP), true

negatives (TN) and false negatives (FIN).
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Table 2: Patient Demographics for Selected Subgroups in Study Cohort

Subgroup selected by diagnostic marker Sex Age at PET Scan
Subgroup 1d Description N | Male Female | Median Min — Max
1 C11-PiB Imaging AD 51| 27 24 65 53 - 81
2 F18-FDG Imaging AD 49 | 22 27 65 53 -81
3 Clinical AD 24 | 13 11 69 56 - 81
4 Clinical PPA-L (AD variant) 19 7 12 67 53-78
5 Clinical PPA-G 16 | 12 4 71 48 — 80
6 Clinical PPA-S 13| 8 5 64 5477
7 Clinical CBS 141 6 8 64 57-173
8 (pooled 3—4)  Clinical AD & PPA-L 43 | 20 23 69 53-181
9 (pooled 5-7)  Clinical PPA-G, PPA-S & CBS 43 | 26 17 66 48 — 80
10 Entire cohort 94 | 52 42 68 37 -381
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Table 3: AD Prevalence in Cohort Subgroups by Clinical and Imaging Diagnostic Markers

AD prevalence in subgroup AD prevalence in cohort
Selected subgroup C11-PiB F18-FDG Clinical |[C11-PiB F18-FDG Clinical
1 C11-PiB Imaging AD 1.00 0.86 0.75 0.54 0.47 0.40
2 F18-FDG Imaging AD 0.90 1.00 0.73 0.47 0.52 0.38
3 Clinical AD 0.88 0.75 1.00 0.22 0.19 0.26
4 Clinical PPA-L (AD variant) 0.89 0.95 1.00 0.18 0.19 0.20
5 Clinical PPA-G 0.31 0.25 0.00 0.05 0.04 0.00
6 Clinical PPA-S 0.08 0.00 0.00 0.01 0.00 0.00
7 Clinical CBS 0.36 0.50 0.00 0.05 0.07 0.00
8 Clinical AD & PPA-L 0.88 0.84 1.00 0.40 0.38 0.46
9 Clinical PPA-G, PPA-S & CBS 0.26 0.26 0.00 0.12 0.12 0.00
10 Entire cohort 0.54 0.52 0.46 0.54 0.52 0.46
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Table 4: AD Diagnostic Accuracy Estimates for Clinical Evaluations

Subgroup PPV NPV PLR NLR TPR*SE TNR + SE CA £ SE BA + DA
3AD 0.88 - - - - - 0.88 £0.07 0.50 +0.38
4 PPA-L (AD variant) - 0.11 - - - - 0.11 £0.07 0.50 *0.40
5 PPA-G - 0.69 - - - - 069 £0.12 050 +0.19
6 PPA-S - 0.92 - - - - 092 +0.07 0.50 +0.42
7 CBS - 0.64 - - - - 064 £0.13 050 +0.14
8 AD & PPA-L 088 011 092 112 0551008 040*022 053 +£0.08 048 *0.06
9 PPA-G, PPA-S & CBS - 0.74 - - - - 0.74 £0.07 050 +0.24
10 Entire cohort 088 057 590 063 041+0.07 093 +0.04 0.65 £0.05 0.67 £0.02
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Table 5: AD Diagnostic Accuracy Estimates for FDG-PET Scans
Subgroup PPV NPV PLR NLR TPR * SE TNR * SE CA X SE BA * DA
3AD 096 037 238 027 081 *0.08 0.75 £0.20 0.80 £0.08 0.78 *0.05
4 PPA-L (AD variant) 094 081 191 0.09 096 x£0.02 050 £035 091 £0.07 0.73 £0.18
5 PPA-G 092 09 11.0 010 090 x£0.09 0.95 +£0.04 094 £0.06 0.93 £0.03
6 PPA-S - 092 - 110 - 0.92 £0.05 085 *£0.10 046 *0.39
7CBS 068 097 390 0.06 095 *x0.04 0.75 £0.14 082 £0.10 0.85 £0.03
8 AD & PPA-L 095 042 271 019 088 £0.05 0.65 £021 085 £0.05 0.76 +£0.09
9PPA-G,PPA-S& CBS | 0.72 094 810 0.18 0.84 +0.11 0.88 +£0.06 0.87 £0.05 0.86 *0.02
10 Entire cohort 086 083 521 018 085 *0.05 0.83 £0.06 0.84 *£0.04 0.84 +0.00




